Genome-wide studies on high-altitude adaptation have received increased attention as a classical case of organismal evolution under extreme environment. However, the current genetic understanding of high-altitude adaptation emanated mainly from autosomal analyses. Only a few earlier genomic studies paid attention to the allosome. In this study, we performed an intensive scan of the X chromosome of public genomic data generated from Tibetan Mastiff (TM) and five other dog populations for indications of high-altitude adaptation. We identified five genes showing signatures of selection on the X chromosome. Notable among these genes was angiomotin (AMOT), which is related to the process of angiogenesis. We sampled additional 11 dog populations (175 individuals in total) at continuous altitudes in China from 300 to 4,000 meters to validate and test the association between the haplotype frequency of AMOT gene and altitude adaptation. The results suggest that AMOT gene may be a notable candidate gene for the adaptation of TM to high-altitude hypoxic conditions. Our study shows that X chromosome deserves consideration in future studies of adaptive evolution.
. Numerous candidate genes which may be contributing to high-altitude adaptation, for instance those related to hypoxia (e.g., EPAS1, EGLN1, PPARA and HBB identified from human populations), energy metabolism (e.g., PKLR, ENO3 and DNAH9 identified from non-human highland animals) and DNA repair (e.g., BCL3, ERCC4 and ERCC6 identified from non-human highland animals), have been identified from studies of native highlanders with different time depths of exposure to high-altitude. These included human populations (e.g., Tibetans, Andeans and Ethiopians) 1, 3, [5] [6] [7] [8] [9] [10] , wild animals (e.g., Tibetan antelopes, Tibetan wild boars, Andean waterfowls, Gray wolves, ground tits and the snub-nosed monkeys) 2, [11] [12] [13] [14] [15] [16] and domesticated animals (e.g., Tibetan Mastiffs, Tibetan chickens and yaks) 4, [17] [18] [19] [20] . Notably, most of the current understanding of genetic basis of high-altitude adaptation is based on selective scans of autosomes, despite the chromosomes of diploid organisms usually harbouring both autosomes and allosomes. Relative to autosomes, X chromosome shows reduced population size and hemizygote state in male individuals. These characters can make it be more sensitive to demographic history and selective effects 21, 22 . Selective scans on X chromosome require a rigorous analysis design to exclude any noise caused by demographic factors from real selective signals. To date, only a few genomic studies have analysed the allosomes of highland . Of the six dog populations, KM and GS are working dogs and the other four are indigenous dogs in China (Supplementary Tables S1 and S2 ).
The average raw reads of each individual from the six populations was 383, 754, 395 and the average mapping ratio was 99.73%. After filtering out duplicated reads and low-quality bases, an average of 33.96G mapped bases (~14.19 and ~11.38 folds coverage for autosomes and X chromosome respectively) for each dog were obtained (Supplementary Table S3 ). After SNP calling and quality control, we obtained 435, 757 high-quality SNPs from X chromosome as well as about 14.3 M from autosomes for the six populations. Compared to autosomes, X chromosome had lower SNP density (112 in X chromosome vs. 207 in autosomes per 50 kb) and transition/transversion (Ts/Tv) ratio (1.76 in X chromosome vs. 2.15 in autosomes) (Supplementary Fig. S1 ; Supplementary Tables  S4 and S5) . Based on annotations, most of the variants on X chromosome were located in the intergenic regions (about 76%), and only about 1.4% in exon regions (Supplementary Table S6 ). In subsequent selective scans, only the variants (435, 757 SNPs) from X chromosome were used.
Genetic backgrounds of the six dog populations. The genetic diversity or pairwise nucleotide diversity 29 (π ) assessment showed that autosomes have higher levels of genetic diversity relative to X chromosome across all the six dog populations (1.0E-3 in X chromosome vs. 1.3E-3 in autosomes) (Fig. 1) . Among these populations, the two working dog populations, i.e., KM and GS, were excluded from further selective analyses for four main reasons. First, KM and GS populations showed the lowest genetic diversity values in both autosomes and X chromosome compared to other populations, implying likely serious genetic bottlenecks faced by the two modern breeds. This finding is similar to that reported from autosomes analyses 17 . Second, principle components analysis (PCA) results based on X chromosome showed that the six populations separated into two major groups, one group included KM and GS, which are modern dog breeds, and the other group included TM, DQ, LJ and YJ, which are ancient breed and indigenous dogs in China. Therefore, the population structure estimations of X chromosome indicated that KM and GS have significantly different genetic backgrounds relative to the other four dog populations ( Supplementary Fig. S2 ). Third, we performed phylogenetic analyses of the autosomes data sets and observed an evident split separating East Asian and European dogs ( Supplementary Fig. S3 ). Interestingly, this kind of divergence was also reported by Frantz et al. 30 . In our present tree, KM and GS populations clustered together with the Western Eurasian core group. In contrast with the two modern breeds, the four dog populations (TM, DQ, LJ and YJ) showed closer relationships with East Asian core group. Fourth, from our Fst assessment of all the autosomal SNPs among different paired population comparisons (GS vs. YJ, GS vs.TM, KM vs. YJ, KM vs. TM and TM vs. YJ), we found that the introduction of GS or KM both resulted in a significantly higher Fst level as compared to TM vs. YJ pair (P < 2.2E-16) (Supplementary Fig. S4 ). These results may reflect the significant genetic difference between Chinese and European dogs, indicating that dogs of GS and KM belong to European lineage while dogs of TM and YJ belong to East Asia Linage. Taking all evidence together, as Tibetan Mastiff is a Chinese aboriginal breed, to avoid bias from the divergent genetic backgrounds of Chinese and European dogs, KM and GS populations were excluded from further selective analyses.
Selective footprints of X chromosome in Tibetan Mastiff. The X-chromosome-wide selection scans were conducted on TM with the highest altitude of 4,380 m and on YJ population with the lowest altitude of 800 m. Based on a total of 306,678 SNPs from the two populations, using the threshold of 1% top level (equivalent to 0.68 and 1.96 after FDR correction for Fst test and Fisher's exact test respectively), we identified 3869 (~1.2% of total SNPs) and 4049 (~1.3% of total SNPs) SNPs as outliers (Fig. 2a,b) . According to the dog genome annotation (Canfam3.1) 31 , 34 and 36 genes were identified from the two respective SNPs sets. An overlap was observed between the two sets for a total of 32 genes. Moreover, 24 of these genes were characterised as protein-coding genes (Supplementary Table S7 ). We calculated the densities of outlier SNPs located in the 24 genes and found that six genes (ALG13, AMOT, DCX, LHFPL1, TRPC5 and ZCCHC16) showed highest densities (Fig. 2c) .
Furthermore, the six genes were located continuously on X chromosome, and occupied a large region (~1.4 M bp). ALG13, DCX, TRPC5 and ZCCHC16 have functions in brain or neuron developments and cognitive competence [32] [33] [34] [35] , whereas the functions of LHFPL1 are presently unknown. Interestingly, AMOT (~47 kb) has been reported to code for angiomotin protein, which is located on the surface of vascular endothelial cells (VECs), and has been thought to be crucial for angiogenesis [25] [26] [27] [28] .
Since both TM and DQ are high-altitude populations, 4,380 m and 3,300 m respectively, we combined the two populations and compared them against YJ, a low-altitude group, and rescanned the X chromosome following the 17 . Genetic diversity surveys were carried out on each population with non-overlapping 100 k windows across the whole X chromosome. The divergence level of nucleotide diversity on X chromosome between four dog populations and two working breeds was assessed using T-test. Table S8 ). Moreover, 21 of the 64 genes had featured in our previous scans (P < 1.00E-5). Except for ZCCHC16, the other five genes ALG13, AMOT, DCX, LHFPL1, and TRPC5 with the highest outlier SNPs densities in the previous analyses were also observed among the 21 shared genes. Therefore, we considered the five genes as candidate positively selected genes (PSGs).
It has been reported that angiogenesis could be activated by hypoxia-inducible factor (HIF) pathway in hypoxic conditions 36 . Additionally, some genes involved in angiogenesis have been identified as targets of natural selections in high-altitude animals 11, 13, 19 . Thus, following the consistent featuring of AMOT in our analyses and its cited importance in angiogenesis, we sought to attentively assess AMOT with respect to high-altitude adaptation. From annotations of outlier SNPs in AMOT, we observed two nonsynonymous mutations (p.Ser971Ala and p.Leu1025Pro) and two synonymous mutations. Interestingly, for the two nonsynonymous mutations, the reference alleles showed significant divergent distributions between TM and YJ (86.7% in TM vs. 13.3% in YJ, P = 4.03E-6).
Genetic diversity and haplotype analyses around AMOT. The genetic diversity (π ) scans on about 1 million bp region, covering the AMOT gene for four dog populations (TM, DQ, LJ and YJ), were calculated. TM and YJ had the lowest genetic diversity compared to DQ and LJ populations (Fig. 3a) . This pattern may imply a gradual change of allele frequency among the four populations. A further haplotype analysis based on a region about 500 kb covering AMOT showed that TM and YJ populations exhibited obvious divergence in haplotypes, and a gradual change from YJ to TM (Fig. 3b) , which is consistent with the results from the initial genetic diversity analysis. Moreover, in the same region, LD analysis showed that TM population had a strong LD block across the whole region and the strongest tendency located in AMOT ( Fig. 3c; Supplementary Fig. S5 ).
Given that genetic drift can also generate similar genetic patterns as positive selection did, we performed simulations for 1,000,000 times to generate allele frequency data sets of TM and YJ populations with ms tools 37 for the AMOT region (sequence length 47,544 bp, including 108 SNPs). Then we used these data to test whether the observed TM-YJ genetic divergence could be due to genetic drift instead of selection. For each run, we calculated Fst values of the 108 SNPs from the simulated data sets, and compared the result to the Fst values from the real data. Our analyses showed that the probability of the real Fst values attributable to genetic drift was only 2.32E-3, implying that the genetic pattern observed on AMOT was likely not caused by genetic drift, and AMOT may be a target of positive selection during adaptation to hypoxia.
Correlation between AMOT haplotype frequency and altitude. Inspired by the observed gradual variation in genetic diversity and haplotype distributions among the four dog populations, we additionally sampled 175 individuals of 11 aboriginal dog populations from different areas in China (altitude range: 300 m to 4,000 m) to further validate the selective signatures of AMOT (Supplementary Tables S9 and S10 ; Supplementary  Fig. S6 ). In this part, we genotyped two fragments around AMOT to test the correlation between haplotype frequency and altitude. The two fragments were about 112 kb apart and included 11 SNPs. Combining the four dog populations used in X-chromosome-wide selective analyses, we built haplotypes of the 11 SNPs from all the 15 dog populations (215 individuals in total). Interestingly, one kind of haplotype ('CGTTCGCTTTG') occupied a very high ratio (about 82% on average) in Tibetan Mastiff populations (Table 1) . Moreover, there was a significant correlation between the TM's major haplotype frequency and altitude (P = 1.03E-3) (Fig. 4) .
Taken together, the scans of X chromosome of TM and other dog populations, and the subsequent analyses of the genetic diversity, haplotype distributions, as well as the correlation between haplotype frequency and altitude, all provide evidence suggesting that AMOT could be a key target gene of positive selections, and could be associated with high-altitude hypoxia tolerance among Tibetan Mastiff. 
Discussion
Several selective scans on X chromosome have been reported in previous animal domestications and breeding studies. Specific regions or genes have shown likely involvement in the process of domestications of pig and sheep [38] [39] [40] . However, the present study is the first to perform detailed X-chromosome-wide scans to address the genetic basis of high-altitude adaptation, a notable contribution in filling up the knowledge gaps in the molecular mechanisms of high-altitude adaptation. In addition, relative to previous analyses of X chromosome in animal domestications studies, in which the genome-wide data were mainly generated from microarray or pooling re-sequencing platforms, our present work has used more high-quality data sets with independent re-sequenced libraries and good sequencing coverage, increasing the possibility of identifying high-quality SNPs and more signatures of positive selection (Supplementary Tables S3 and S5) .
Here, we chose Tibetan Mastiff, which is a typical representative of domesticated animal that migrated to the high-altitude plateau with humans, as our study model. TM has been investigated in several studies for its high-altitude adaptation via autosome genome analyses 4, 17, 18 . From these analyses, two PSGs, i.e., EPAS1 and HBB, which are associated with HIF pathway and oxygen transportation, and one PSG, i.e., PLXNA4, which functions in angiogenesis by interacting with VEGF 41 , have been reported as targeted candidate genes for adaptation to high-altitude 18 . In our current selective scans on X chromosome in TM and other dog populations from different elevation gradients (from 800 to 4380m), we have identified five new PSGs. Among these PSGs, AMOT gene has been reported to act in the process of angiogenesis [25] [26] [27] [28] . With simulation analysis and genotyping experiments on extra 11 dog populations, we propose that this gene may have undergone selective effects during the adaptation to hypoxic conditions in TM. The genetic diversity levels of AMOT in TM and YJ populations based on a large genetic region were similar low. As high and low elevations represent two different environments, divergent selective pressures may have acted on AMOT in TM and YJ resulting in the similar genetic diversity patterns, although a narrowed scan showed a marked haplotype divergence between the two populations. Interestingly, studies on Atlantic Salmons and dog populations have observed signals of divergent selections in some regions, in which the selective effects caused increased genetic differentiation between populations and reduced genetic diversity at linked loci 42, 43 . Although several angiogenesis-related genes, including VEGF, VAV3, NOS3, SRF, TXNRD2, ADAM17 and RNASE4, have been proposed as candidate genes in the adaptation of highland human and wild animals to high-altitude conditions 8, 10, 11, 13, 16, 19 , our study for the first time identified that AMOT, which is also an angiogenesis related gene, may have played a key role in the high-altitude adaptation of TM. Hence, it is likely that, besides the HIF pathway, angiogenesis also played a similarly critical role in the adaptation of TM populations to their high-altitude hypoxic habitat.
This study presents important insights for understanding the contribution of sex chromosomes to hypoxia adaptation, as most previous genome-wide studies have often excluded sex chromosome because it represents a different effective population size. Relative to autosomes, our genetic diversity assessments demonstrated that X chromosome had lower genetic diversity across all six dog populations (Fig. 1) , consistent with the findings of a recent genome-wide study among human populations 22 . Although population structures estimated from X chromosomal SNPs showed similar patterns with Gou et al. 17 , PCA based on allosomes could not clearly distinguish each dog population. On the other hand, the Fst distributions of autosomes and X chromosome between YJ and TM showed that allosome had greater genetic divergence compared to autosomes (P = 2.2E-16) (Supplementary Fig. S7 ). Taken together, these findings lead to the postulation that X chromosome might have suffered stronger selection pressure or genetic drift effects than autosomes, and that allosome might be more sensitive to selection pressure, resulting in a different population structure.
In summary, our study suggests that X chromosome, like autosomes, may have a contribution in the adaptation of Tibetan Mastiff to hypoxic conditions at high-altitudes, indicating that X chromosome warrants a more attention in future studies of adaptive evolution. In addition, the identification of AMOT as a target candidate gene provides a foundation for future functional studies to further elucidate its role in adaptation to hypoxia.
Methods
All methods were performed in accordance with the guidelines approved by the Kunming Institute of Zoology, Chinese Academy of Sciences. All experimental protocols were approved by the Kunming Institute of Zoology, Chinese Academy of Sciences.
Reads mapping and SNPs calling. Raw sequence reads were mapped to the dog reference genome (version: Canfam3.1) using BWA-MEM (version: 0.7.8-r455) 44 , and Bam files generated by SAMtools (version: 0.1.18) 45 . PICARD software packages (version: 1.87; http://picard.sourceforge.net) was used to remove duplicate sequences in each individual, then all the Bam files were processed with a standard pipeline for local re-alignment and base-recalibration in the Genome Analysis Tool Kits (GATK) (version: 2.5-2-gf57256b) 46 . Genome-wide SNPs calling were handled by UnifiedGenotypeCaller module in GATK. Raw SNPs were recalibrated with the Variant Quality Score Recalibration (VQSR) module, where a list of known or verified SNPs/ INDELs was downloaded from Ensembl Database and used as the training data set. Then the recalibrated SNPs were filtered with rules as described below: 1) SNPs that were within 5 base pairs proximity to inserts and deletions (INDELs) were filtered out, and the INDELs also abandoned; 2) SNP locus at which the ratio of individuals missing SNP detection was greater than 20% of all the samples was excluded; 3) Only bi-allelic SNPs were retained; 4) The remaining SNPs were sorted by their depths, with depths ranging from 2.5% to 97.5% retained; and 5) SNPs with Quality value greater than 40 were retained. Finally, all high-quality SNPs were annotated by ANNOVAR 47 .
Genetic background survey of the six populations. With the availability of complete gender information for the six dog populations, we made corrections to the allele frequencies of the study populations before assessing population genetic diversity and structure. Here, we first computed pairwise nucleotide diversity (π ) 29 of autosomes and X chromosome among the six dog populations using custom Perl scripts (non-overlapped 100 k window-size), then principal component analysis (PCA) and population structure estimations were conducted with EIGENSOFT (version: 6.0.1) 48 and ADMIXTURE (version: 1.23) 49 . Before population structure estimations, some SNPs were filtered out, in a process referred to as SNPs thinning, using PLINK (version: v1.07; http://pngu. mgh.harvard.edu/purcell/plink/; Parameter: -indep-pairwise 50 10 0.1), to make sure that each SNP evolved independently. Based on the whole autosomal SNPs from our downloaded genome-wide data sets 17 , and the recently published genome-wide data sets of dogs and wolves 50 , we employed SNPhylo 51 to construct the phylogenetic relationships of the six dog populations. In addition, Fst surveys on the five population pairs (KM vs. YJ, KM vs. TM, GS vs. YJ, GS vs. TM, and YJ vs. TM) were also conducted.
Selection scans on X chromosome. Two approaches were applied for positive selection scans: Fst test, which reflects the genetic differences among populations 52 . The other is Fisher's exact test, which does not need biological hypothesis and can estimate the probability of divergence in allele frequency among populations. Only the top 1% of SNPs with high Fst values in Fst test, or small P-values (after FDR correction) in Fisher's exact test, were considered as candidate loci of selection.
Genetic diversity and haplotype surveys in candidate genes. The genetic diversity (π ) scans of regions around candidate genes were performed with our custom Perl scripts, applying 10 k-bp non-steps windows. Prior to our haplotype analyses, haplotypes of the four dog populations (TM, DQ, LJ and YJ) were inferred by SHAPEIT software 53 . To increase the haplotypes estimation accuracy, the genetic map of domestic dogs downloaded from a recent work of Auton et al. 54 was used in the haplotype construction. Linkage disequilibrium (LD) and haplotype clusters of regions around candidate genes were then analysed using Haploview (version: 4.2) 55 and R (version: 3.1.0) software respectively.
Simulation tests of Candidate genes.
We applied dense computational simulations to test whether the selective signals of AMOT gene were caused by genetic drift instead of selection. First, using G-PhoCS tools 56 , 1463 neutral loci of X chromosome from ten female individuals of the TM and YJ populations were chosen for demographic history inference. It has been reported that mutation rate is 1.3 times higher in the autosome than in the X chromosome 57 , and that the mutation rate in the autosome of dogs is 2.2 × 10 −9 per year 58 . Therefore, for our simulation, we used 1.692 × 10 −9 per year as the mutation rate in the X chromosome. Our results showed that TM diverged from YJ about 3,400 years ago, and the effective population size of their common ancestor was approximately 37,800. On the other hand, the effective population size of extant YJ and TM was 8,681 and 4,058 respectively. With parameters drawn from previous analyses, we used ms tools 37 to simulate the allele frequency of 108 SNPs spanning the whole AMOT region (about 47 k bps) for both TM and YJ populations in a neutral model. In each simulation, we calculated the Fst values of simulated data sets, and compared them to those computed from the real data sets, with the significance of the divergence measured by t-test. After 1,000,000 simulations, the distribution of all P-values was evaluated to determine whether selective footprints that were produced by the real data sets were generated by genetic drift.
Genotyping and AMOT haplotype correlation tests. To verify the selective signals of AMOT identified from X-chromosome-wide scans, we sampled additional 175 dogs from 11 different places in China (altitude: 300 m to 4000 m) and added them into our present study (Supplementary Tables S9 and S10 ; Supplementary Fig. S6 ). Total genomic DNA was extracted from peripheral venous blood using the Phenol/Chloroform method. Polymerase Chain Reaction (PCR) was performed using ExTaq (TaKaRa; Dalian, China). We genotyped two fragments around AMOT. To genotype the first fragment, which is located in the sixth intron of AMOT, the following primers, F1: 5′ -CACCATACCCAATCTCTGTCTA-3′ and R1: 5′ -GAAGGTATGAAGGTGCCTAGGA-3′ , and PCR conditions, 94 °C for 30 sec, 57 °C for 30 sec, 72 °C for 1 min, and 32 cycles, were used. For the second fragment, a flanking sequence upstream of AMOT, primer pair of F2: 5′ -AAGTCAGAGCAATGGGAAGC-3′ and R2: 5′ -GTTTGGTGGGCTGTGAAGAC-3′ , as well as PCR conditions of 94 °C for 30 sec, 65 °C for 30 sec, 72 °C for 1 min, and 32 cycles were used. After quality control procedures, we obtained 350 sequences with high-quality. The newly determined sequences have been deposited in GenBank: KX245540-KX245889. We then joined the two fragments into one continuous sequence (containing 11 SNPs) for each individual, and used PHASE (version: 2.1) 59, 60 to build haplotypes of the all SNPs for the overall dataset of 15 dog populations. Based on the gender information for all samples, we corrected the frequency of the TM major haplotype in each dog population. Finally, the correlation analysis between haplotype frequency and altitude was assessed via R (version: 3.1.0).
